Background: Recent studies demonstrated that changes in DNA methylation (DNAm) and inactivation of two imprinted genes (MKRN3 and DLK1) alter the onset of female puberty. We aimed to investigate the association of DNAm profiling with the timing of human puberty analyzing the genome-wide DNAm patterns of peripheral blood leukocytes from ten female patients with central precocious puberty (CPP) and 33 healthy girls (15 pre-and 18 post-pubertal). For this purpose, we performed comparisons between the groups: pre-versus post-pubertal, CPP versus pre-pubertal, and CPP versus post-pubertal. Results: Analyzing the methylome changes associated with normal puberty, we identified 120 differentially methylated regions (DMRs) when comparing pre-and post-pubertal healthy girls. Most of these DMRs were hypermethylated in the pubertal group (99%) and located on the X chromosome (74%). Only one genomic region, containing the promoter of ZFP57, was hypomethylated in the pubertal group. ZFP57 is a transcriptional repressor required for both methylation and imprinting of multiple genomic loci. ZFP57 expression in the hypothalamus of female rhesus monkeys increased during peripubertal development, suggesting enhanced repression of downstream ZFP57 target genes. Fourteen other zinc finger (ZNF) genes were related to the hypermethylated DMRs at normal puberty. Analyzing the methylome changes associated with CPP, we demonstrated that the patients with CPP exhibited more hypermethylated CpG sites compared to both pre-pubertal (81%) and pubertal (89%) controls. Forty-eight ZNF genes were identified as having hypermethylated CpG sites in CPP. Conclusion: Methylome profiling of girls at normal and precocious puberty revealed a widespread pattern of DNA hypermethylation, indicating that the pubertal process in humans is associated with specific changes in epigenetically driven regulatory control. Moreover, changes in methylation of several ZNF genes appear to be a distinct epigenetic modification underlying the initiation of human puberty.
Background
The onset of puberty is heralded by an increased pulsatile secretion of gonadotropin-releasing hormone (GnRH), which upon reaching the anterior pituitary activates the pituitary-gonadal axis. Epidemiological studies have provided evidence supporting a genetic influence on pubertal timing [1] [2] [3] . However, the age at normal puberty varies greatly among girls (8-13 years) and the genetic basis for such a variability remains largely unknown [4] . A potential underlying mechanism is the modulation of gene activity by epigenetic factors, which may be important for the broad regulation of pubertal timing [5] . In fact, it appears that up to 20% of the variance of puberty initiation involves environmental factors, such as nutrition, stress, exposure to endocrine-disrupting chemicals, and intrauterine conditions [5, 6] .
Epigenetics refers to the alterations in gene expression that are not caused by changes in DNA sequence itself [7] . DNA methylation (DNAm) is one of the best studied epigenetic mechanisms involved in modulating gene activity [8, 9] . It consists of the covalent addition of a methyl (-CH3) group to the fifth position of the pyrimide base of DNA, cytosine, and occurs mostly in cytosinephosphate-guanine (CpG) dinucleotides [8] .
Epigenetics has been implicated as a regulatory system underlying GnRH secretion [10, 11] . The study of DNAm in the medial basal hypothalamus of male rhesus monkeys revealed a decrease in methylation status of the GnRH gene's 5′ CpG island that paralleled an increase in GnRH mRNA levels across puberty [12] . Indeed, increased DNAm of gene promoters is commonly associated with gene silencing [13, 14] . Recently, silencers of the Polycomb group were identified as major drivers of an epigenetic mechanism of transcriptional repression that is lifted at the beginning of female puberty in rats, allowing the pubertal process to proceed unimpeded [10] . Importantly, manipulations of DNAm in animal models were shown to alter the onset of puberty. Thus, inhibiting DNAm resulted in pubertal failure, whereas inducing DNA hypermethylation led to earlier onset of puberty [10, 15] . DNAm also plays an essential role in genomic imprinting, an epigenetic phenomenon recently implicated in the regulation of puberty. Initial evidence for this concept came from studies showing that common variants located at the loci of three imprinted genes (MKRN3, DLK1, and KCNK9) were associated with the age at menarche in a large European women cohort [16] . More direct evidence was provided by the demonstration that central precocious puberty (CPP) due to loss-of-function mutations in the paternally expressed imprinted genes MKRN3 (makorin ring finger 3) and DLK1 (deltalike 1 homolog) is an imprinting disorder [17] [18] [19] .
In the present study, we used peripheral blood leukocytes to investigate the relationship that may exist between DNAm patterns and pubertal timing in healthy and CPPaffected girls. We compared pre-with post-pubertal control subjects to interrogate changes in the methylome profile that occurs during physiological pubertal development. We also compared CPP patients with healthy girls to analyze the DNAm changes in CPP.
Results

Description of the analyzed human groups
We studied ten female patients with familial CPP (index cases) who were referred for clinical and/or genetic evaluation to the Endocrinology Unit at Clinical Hospital, Sao Paulo, Brazil. CPP in girls was diagnosed based on the presence of breast Tanner stage 2 (B2) before the age of 8 years, pubertal basal and/or GnRH-stimulated LH levels, and bone age advanced more than 1 year (Greulich and Pyle atlas). Clinical and hormonal features of the patients with CPP are described in Table 1 . The mean age at pubertal onset of these girls was 6.4 years (ranging from 3 to 8 years). At the time of the first evaluation (mean age of 7.7 years), Tanner B3 was observed in 50% of the girls and Tanner B4 in the remaining 50%. The mean Δ [bone age − chronological age] was 2.2 ± 1.1 years. None of the patients were obese (mean body mass index (BMI) Z-score = 0.7). Mean basal LH levels were 1.4 ± 1.4 IU/L, and mean LH levels after GnRH stimulation were 18.9 ± 14 IU/L. Mean basal FSH levels were 3.4 ± 1.7 IU/L. Median estradiol (E2) levels were 13 pg/mL. All CPP patients had normal brain magnetic resonance imaging.
Familial CPP was defined by the presence of more than one affected member in a family [2] . The pedigrees of the ten families are illustrated in Fig. 1 . Only female members were affected in all families. Regarding the mode of inheritance, CPP was maternally inherited in four families (pedigrees 2, 3, 6, 9), paternally inherited in four families (pedigrees 1, 7, 8, 10) , and undetermined in two families (pedigrees 4 and 5). A MKRN3 inactivating mutation (p.R328H) was detected in family 10 by Sanger sequencing. Whole-genome sequencing revealed a complex defect in DLK1 (∼ 14 kb deletion and 269 bp duplication) in family 1 [18] . The remaining families (pedigrees 2 to 9) were previously studied by whole-exome sequencing without identifying a genetic mutation associated with CPP phenotype [17] .
The control group was composed of 33 healthy Brazilian girls. Pubertal stage was characterized by physical signs (Tanner criteria) and hormonal evaluation (Tables 2 and 3) . Fifteen of these girls were at pre-pubertal stage with mean chronological age of 6.7 years, ranging from 2.6 to 9 years. All of them exhibited Tanner B1 upon physical medical evaluation and pre-pubertal basal LH levels (< 0.1 IU/L). The mean BMI Z-score was 0.2 ± 0.6. The remaining 18 girls were at pubertal stage, with mean chronological age of 13.1 years, ranging from 9.5 to 16.3 years. The majority of them (61%) had Tanner B4. In the pubertal group, mean basal LH levels were 5.2 ± 2.4 IU/L, mean basal FSH levels were 5.4 ± 1.8 IU/L, and mean E2 levels were 67.6 ± 42.7 pg/mL. The mean BMI Z-score was 0.1 ± 0.7.
Changes in DNA methylation associated with normal puberty
Comparison between pre-pubertal and pubertal healthy girls revealed the presence of 120 differentially methylated regions (DMRs) (false discovery rate (FDR) < 0.05 and Fig. 1 Pedigrees of the families with CPP. Squares indicate male members, circles female members, black symbols clinically affected members, and arrows the probands methylation differences > 5%), with all but one (99%) being hypermethylated in the pubertal group (Table 4) . Most of the DMRs (89 DMRs, 74%) were located on the X chromosome, none of them mapped to the pseudoautosomal regions (PAR) of this chromosome. The 120 DMRs harbored the promoter regions of 127 genes, whose functions were enriched for various biological processes, such as intracellular receptor signaling pathway, messenger RNA (mRNA) transcription, histone modification, and genetic imprinting (Additional file 1). The single hypomethylated genomic region identified in pubertal girls encompassed the promoter region of ZFP57 (zinc finger protein 57), a KRAB domain-containing transcriptional repressor involved in both imprinting and methylation of multiple genomic loci [20, 21] . The DMR with the largest methylation difference (10.5%) contained the promoter region of RP11-313 J2.1, the zinc finger protein 91 pseudogene. In addition, the promoter regions of 13 other zinc finger (ZNF) genes (ZNF597, ZSCAN12P1, ZNF707, ZNF331, ZC4H2, ZNF182, ZNF41, ZIC3, RNF113A, ZDHHC9, PRDM8, PRDM9, RBM10) were related to these 120 DMRs.
We applied the Gene Set Enrichment Analysis (GSEA) to search for enriched transcription factors that could be targeting the identified DMRs. We detected enrichment for 20 transcription factors, and the ten most relevant are listed in Additional file 2. Importantly, one of them is the estrogen receptor (ER). Seven differentially methylated Comparison between CPP cases and pre-pubertal controls revealed 417 differentially methylated CpG sites (DMSs) (FDR < 0.05 and methylation differences > 10%), with the majority of them (338 DMSs, 81%) being hypermethylated in CPP patients (Fig. 2 , Additional files 3 and 4). In silico functional analyses of the 199 known genes related to these 338 DMSs demonstrated enrichment for signaling pathways involved in cell communication (70 genes), regulation of response to stimuli (40 genes), and metabolism (10 genes). When comparing CPP cases with pubertal controls, we identified 605 DMSs (FDR < 0.05 and methylation differences > 10%), with the majority of them (539 DMSs, 89%) being hypermethylated in the CPP group (Fig. 3, Additional files 5 and 6 ). The functional characterization of 308 known genes related to these 539 DMSs revealed enrichment for metabolic pathways (13 genes), transport vesicles (10 genes), association with endocrine system diseases (10 genes), and carcinomas (13 genes). Forty-eight genes harboring hypermethylated CpG sites in CPP were ZNFs (Additional files 4 and 6).
Normal methylation of the MKRN3 and DLK1 genes Methylation status of the MKRN3 and DLK1 genes and their regulatory regions using two distinct methods revealed no differences between CPP patients and controls. The methylation analyses of MKRN3:TSS-DMR and MEG3/DLK1:IG-DMR (IG = intergenic) are showed in Additional file 7. 
Hypothalamic expression of ZFP57 increases at puberty in nonhuman primates
To determine if hypomethylation of ZFP57 in peripheral blood leukocytes is accompanied by increased ZFP57 expression in the hypothalamus at the time of puberty, we measured ZFP57 mRNA levels in the medial basal hypothalamus (MBH) of pre-and peripubertal female rhesus monkeys. We observed that ZFP57 mRNA levels began to increase during late juvenile development and became significantly elevated at puberty, coinciding with the increase in GnRH and KISS1 expression that occurs at this time (Fig. 4a, b) . To determine if a decrease in expression of ZNFs that become hypermethylated at puberty also occurs at puberty in the monkey hypothalamus, we selected five of these genes for mRNA measurement. Interestingly, expression of all five genes showed a tendency to decrease at puberty (Fig. 4b) , with the change in ZNF597 being statistically significant. To further evaluate these results, we performed a correlation analysis of the changes in ZFP57 and ZNF597 expression that occurred with the advent of puberty and found the existence of a significant (p = 0.01) inverse correlation between the pubertal increase in ZFP57 mRNA levels and the decrease in ZNF597 expression (Fig. 4c) . We also used the MBH of female rhesus monkeys to quantitate the hypothalamic expression of four ZNFs that become hypermethylated in CPP and found that their mRNA levels either increase at normal puberty (ZNF251) or showed no change (RNF113A, ZDBF2, and ZDHHC9) (Additional file 8a). This result is in keeping with the finding that ZNFs hypermethylated at CPP are not the same as those ZNFs that become hypermethylated at normal puberty.
In addition to defining the methylation status of MKRN3 and DLK1 in peripheral blood leukocytes of CPP patients and control subjects undergoing normal puberty, we examined the changes in MKRN3 and DLK1 mRNA levels that occur in the MBH of female monkeys at the time of puberty. No changes in expression for either gene were detected between the early juvenile and the pubertal phases of monkey puberty (Additional file 8b). Figure 5 summarizes the main results of the present study. 
Discussion
In the last few years, it has become increasingly clear that epigenetic mechanisms contribute significantly to the regulation of pubertal timing. From a clinical perspective, it would be desirable to have minimally invasive methods for the identification and monitoring of at least some of these mechanisms. Here, we report the use of white blood cells to assess patterns of DNAm that occur in association Fig. 4 Changes in expression of a GnRH, KISS1, and TAC3 and b selected ZNFs in the female monkey hypothalamus during pubertal development. One of the ZNFs examined (ZFP57) was hypomethylated at puberty in peripheral blood cells. The other five were hypermethylated. c Correlation analysis shows that a loss in ZNF597 expression observed at the time of monkey puberty is negatively correlated to the increase in ZFP57 mRNA levels detected at this time. The mRNA levels obtained were expressed as fold-change with regard to the values observed in the EJ group. Bars represent mean ± s.e.m. (n = 4-7/group) (*p < 0.05; vs EJ group; one-way ANOVA-SNK test). EJ early juvenile, LJ late juvenile, PUB peripubertal with puberty in girls. Our findings reveal the existence of a broad pattern of DNA hypermethylation taking place in these cells at the time of both normal and central precocious puberty. These findings are consistent with an earlier report showing an increase in DNAm levels of peripheral blood cells during the puberty transition in girls [22] .
Most of the changes we observed consisted of hypermethylation of either DMRs or DMSs, with ZNFs standing out as a population of transcriptional repressors affected by these alterations. The sole exception to this pattern was ZFP57, a transcriptional repressor required for methylation of downstream genes and imprinting of several other genes [20, 23] . Contrary to other ZNFs, ZFP57 was hypomethylated at puberty, suggesting that its expression may increase-instead of decrease-in tissues relevant to the pubertal transition. Measurement of ZFP57 expression in the hypothalamus of female rhesus monkeys undergoing puberty proved this assumption to be correct, as a significant increase in ZFP57 mRNA levels was detected at the time of puberty.
The ZFP57 gene, located at chromosome 6p22.1, encodes a protein of 516 amino acids that contains seven zinc finger [21, 24] . The interaction of these motifs with specific DNA sequences in regulatory regions of target genes is required for ZNF proteins to control gene expression [24] . Importantly, in the absence of ZFP57, genomic imprinting is lost [20] . This is illustrated by the loss of differential DNA methylation at the imprinted regions Dlk1-Dio3 and Snrpn in homozygous mutant embryos (maternal-zygotic) derived from Zfp57 null female mice [20] . Notably, directly relevant to the present findings, ZFP57 has been shown to be required for normal imprinting of genomic regions controlling the expression of MKRN3 and DLK1, two genes encoding repressors of the pubertal process, with DLK1 being one of the genes most strongly affected by the absence of ZFP57 [20] . The increase of ZFP57 expression observed in the hypothalamus of pubertal female monkeys suggests that an important function of ZFP57 in the neuroendocrine brain might be to repress the activity of transcriptional repressors of puberty, such as the Polycomb complex or other ZNFs [10, 25] . Furthermore, the inverse correlation detected between the increase in ZFP57 mRNA levels and the decrease in ZNF597 expression that occurred in the hypothalamus at the time of monkey puberty suggests that ZNF597 might be one of the transcriptional inhibitors of primate puberty repressed by ZFP57. Further studies are required to test the validity of this idea.
It is now known that pubertal timing requires repression of inhibitory factors and that DNA hypermethylation of gene promoters is associated with gene silencing [11, 26, 27] . In humans, genome-wide association studies revealed associations between single-nucleotide polymorphisms located near ZNF131, ZNF462, and ZNF483 and earlier age of menarche, suggesting that ZNF genes can impact human pubertal development [16, 25, 28] . Supporting this concept are the demonstrations that MKRN3, also known as ZNF127, inhibits the human pubertal process and that MKRN3 loss-of-function mutations are the most frequent cause of familial CPP [29] [30] [31] . More recently, the DLK1 gene was also proposed to play an inhibitory role in the regulation of puberty, since its deficiency was associated with a CPP phenotype in syndromic and nonsyndromic cases [18, 32] . Within this context, our results showing a broad pattern of DNA hypermethylation at puberty suggest that-if hypermethylation of ZNFs also occurs in neuroendocrine cells controlling reproductive development-ZNF expression would decrease, and downstream target genes would escape from ZNF inhibitory control at the time of puberty. A specific example of this epigenetic interaction was recently provided by the demonstration that expression of several ZNFs decreases at puberty in the hypothalamus of female nonhuman primates and that preventing this change delayed pubertal timing [25] . In the present study, we measured the mRNA levels of five of these hypermethylated genes (ZNF597, ZNF41, ZNF707, ZNF331, and PRDM8) in de hypothalamus of developing female monkeys and found that all of them showed a tendency to decrease expression at the end of pubertal development, with the changes in ZNF597 being significant.
As indicated above, there were 14 ZNFs hypermethylated at normal puberty. Intriguingly, the largest methylation difference (10.5%) was related to the zinc finger protein 91 pseudogene. At present, we do not know if it is involved in the hypothalamic control of puberty, but such a role remains possible, especially considering that 2-20% of human pseudogenes are transcribed, with some being transcribed in a tissue-specific manner maintained over the years [33] . It is therefore plausible that pseudogenes have a functional role in specific cell populations, an idea supported by the finding that noncoding RNAs produced from pseudogenes can regulate gene expression [33] .
The search for transcription factors targeting the 120 DMRs associated with the pubertal process revealed an enrichment for ER. We identified seven differentially methylated genes as ER target genes, suggesting the existence of a functional relationship between them. This relationship appears to be particularly relevant to the neuronal regulation of the pubertal process, as neuronal ERα is involved in the temporal coordination of GnRH secretion, and an inhibitory ER-mediated influence on kisspeptin neurons has been shown to keep puberty in check in female mice [34] . Recently, the methylome study of 30 girls identified changes in DNAm across puberty related to estrogen-responsive genes, suggesting that differential DNAm at puberty may in part result from exposure to pubertal levels of estradiol [35] .
An intriguing finding of this study was the striking prevalence of X-linked DMRs related to puberty. All the 89 X-linked DMRs were mapped outside the PAR regions of the X chromosome. PAR are short regions of homology between the mammalian X and Y chromosomes which are located at the tips of the short arm (PAR1) and long arm (PAR2) of the chromosome, and they harbor genes that escape X-inactivation [36] . Most of X-linked genes are subject to X-inactivation in females to ensure dosage compensation [36] . However, 15-20% of X-chromosomal genes escape from inactivation, and 80% of them lie on the short arm [37, 38] . Moreover, these escaping genes can have different expression levels between tissues and between females [38, 39] . Of note, some of the X-linked DMRs related to puberty identified in our study affect genes that escape X-inactivation, as MSL3, NR0B1, RBM3 e HS6ST2, and others that are heterogeneous in escape, as FGF13 e o SLC25A5 [38] . The potential contribution of genes that escape X-inactivation to the timing of puberty was previously noticed. A case in point are the reports of girls with trisomy X (47, XXX karyotype) manifesting precocious puberty [40, 41] . Early activation of the hypothalamic-pituitary-gonadal axis in these girls was attributed to the extra X chromosome and more specifically to the expression of genes that escape X-inactivation. Early puberty was also described in females with Xp.11.22-p11.23 duplication [42] . In these patients, the duplicated X is preferentially activated, probably contributing to their clinical phenotype. Our results now demonstrate that changes in methylation of genes that escape X-inactivation occur in puberty.
A Danish study identified the methylation of a region on chromosome 7, which contains the promoter of TRIP6 (thyroid hormone receptor interactor 6), to be associated with human pubertal development [43] . Our results support and extend these earlier findings by demonstrating an overlap of ten DMRs with the reported data, with seven presenting methylation changes in the same direction, including the DMR containing the TRIP6 promoter (Table 5) .
Our study unveils a genome-wide DNA hypermethylation in CPP, which is in accordance with animal studies [15] . To our knowledge, this is the first study describing changes in the methylome patterns of girls with CPP. Hypermethylated CpGs in 63 genes were identified in CPP patients, including 48 ZNF genes. We speculate that these genes can either contribute to CPP or represent epigenetic modifications resulting from functional changes affecting the complex genetic network underlying the CPP disease. Although we cannot distinguish between these two possibilities, we notice the absence of significant DMRs between pubertal healthy girls and CPP patients. This suggests that the main epigenetic modifications that modulate gene expression during puberty, either normal or precocious, are similar. However, this conclusion is tempered by the finding that differentially methylated genes in CPP are different from those differentially methylated in normal puberty. It might be that in CPP there are different genomic regions that become differentially methylated and that these regions remain epigenetically silent in normal puberty. In fact, only one DMR containing the promoter of CUTA was found to be more methylated in CPP patients than in pre-pubertal controls. This gene, mapped to chromosome 6p21.32, encodes a protein of 136 amino acids that plays a role in anchoring of acetylcholinesterase to neuronal membranes in the human brain [44] . The protein CUTA seems to be also involved in promoting proliferation and survival of glial cells [45] . The CUTA gene has not been implicated before in the regulation of pubertal development.
Changes in methylation of the two precocious puberty imprinted genes, MKRN3 and DLK1, could represent an interesting causal mechanism of sporadic and familial CPP. However, our results showing a normal methylation status of both genes exclude this potential mechanism as an underlying cause of CPP in our patients. It remains possible that the study of a much larger population of girls with CPP may provide evidence for such a relationship, or that the identification of novel mutations able to alter gene methylation patterns proved to be a causative factor [46] [47] [48] [49] .
Conclusion
By demonstrating a widespread pattern of DNA hypermethylation associated with normal and precocious puberty in girls, our results suggest that an epigenetic mechanism involving a chemical change in DNA architecture contributes to regulating pubertal timing in humans. Because these hypermethylation patterns involve several genes, the compelling possibility emerges that the net outcome of these alterations is a modified output from networks controlling the pubertal process. The overrepresentation of ZNFs among genes affected by differential methylation and the recent demonstration of an involvement of ZNFs in the central control of female puberty in monkeys suggest that ZNFs may provide a major [51, 52] .
Sample preparation and quality control
Genomic DNA was extracted from peripheral blood leukocytes using standard procedures. DNA quality and quantity were assessed by NanoDrop (Thermo Fisher Scientific), Qubit (Thermo Fisher Scientific), and electrophoresis on 1% agarose gel. The bisulfite-converted DNA (EZ DNA Methylation kit, Zymo Research) was hybridized in the Human Methylation 450 BeadChip microarray (HM450K, Illumina), following the Illumina Infinium HD methylation protocol. We used RnBeads tools to evaluate the quality of our data, and all samples provided high-quality data [53] . Briefly, experimental quality control was performed using the microarray positive and negative control probes for staining, hybridization, extension, target removal, bisulfite conversion, specificity, and nonpolymorphic sites. Data were extracted by the iScan SQ scanner (Illumina) using GenomeStudio software (v.2011.1), with the methylation module v.1.9.0, into IDAT files.
Probes were annotated using GRCh37/hg19 coordinates from UCSC regarding genomic positions and features (FDb.InfiniumMethylation.hg19 package), with additional annotations to identify probes that exhibit multiple alignments in the genome for posterior exclusion.
Methylation levels of the CpG sites were calculated as beta values, which range continuously from 0 (unmethylated) to 1 (fully methylated) (http://www.illumina.com).
Differential methylation analyses
These analyses were performed in the R environment using Bioconductor packages (http://www.bioconductor.org).
The RnBeads package was applied to the dataset [53] . Non-specific probes (n = 28,076) were removed due to the high likelihood of cross-hybridization. Background was corrected using the Noob method, which is based on a normal-exponential convolution using out-of-band probes [54] . Normalization of signal intensities values from probes types I and II was performed using SWAN method (Additional file 9), which adjusts the intensities based on a quantile approach [55] .
Technical effects and cell blood composition were corrected using default parameters from RnBeads [56] . An expected association between surrogate variables and the age at the time of blood collection was identified, but correction was not applied because these variables are related to the study design (Additional file 10). The clinical treatment for CPP with GnRH analogue did not act as a co-variable.
After the pre-processing step, 443,042 CpG sites were analyzed in pairwise comparisons (pre-pubertal versus pubertal controls, familial CPP cases versus pre-pubertal controls, and familial CPP cases versus pubertal controls).
To identify DMSs, hierarchical linear models from the limma software package followed by a fitting based on the Bayes statistics was applied to M values (log of beta values) [57] . CpG sites presenting a FDR < 0.05 and methylation differences greater than 10% were considered as the most significant and selected for further analysis.
DMRcate was applied to identify DMRs, defined as a 300 nucleotides sequence with at least seven CpG sites presenting methylation changes in the same direction [58] . Genomic regions with FDR < 0.05 and mean methylation differences greater than 5% were considered the top ones.
In silico analyses
Functional enrichment analyses were performed on the Web-based Gene Set Analysis Toolket (WebGestalt) using the whole genome as background [59] . Features with adjusted p value < 0.05 provided by the BenjaminiHochberg multiple test were considered significant. We also used the GSEA program to search for statistically significant associations between a defined set of genes and biological states [60] .
Methylation analyses of MKRN3 and DLK1 loci
Bisulfite-converted DNA samples of all patients and controls were studied using the TaqMan Allele-Specific Methylated Multiplex Real-Time Quantitative Polymerase Chain Reaction to analyze the methylation status at MKRN3:TSS-DMR and MEG3/DLK1:IG-DMR [61] .
Nonhuman primates
The MBH of female rhesus monkeys (Macaca mulatta) was obtained through the Oregon National Primate Research Center (ONPRC) Tissue Distribution Program. The animals were classified into different stages of pubertal development according to the criteria proposed by Watanabe and Terasawa [62] . Early juvenile (EJ) animals were 9 months to 1.8 years of age, late juvenile (LJ) were 2-2.9 years of age, and pubertal (Pub) were 3.1-4 years old. Plasma LH levels at these ages, measured using a different set of animals (n = 10/group), were 2.59 ± 0.97 (EJ), 3.88 ± 0.92 (LJ), and 6.48 ± 1.64 (Pub) ng/ml, respectively. The MBH was dissected by making a rostral cut along the posterior border of the optic chiasm, a caudal cut immediately in front of the mammillary bodies, and two lateral cuts half-way between the medial eminence and the hypothalamic sulci, as previously reported [63] . The tissue fragments were frozen in liquid nitrogen and stored at − 80°C until RNA extraction.
RNA extraction and quantitative (q) PCR
Total RNA was extracted from the MBH of female rhesus monkeys using the RNeasy mini kit (Qiagen, Valencia, CA). DNA contamination was removed by on-column digestion with DNAse using the Qiagen RNase-free DNase kit (Qiagen, Valencia, CA). RNA concentrations were determined by spectrophotometric trace (Nanodrop, ThermoScientific, Wilmington, DE). Total RNA (500 ng) was transcribed into cDNA in a volume of 20 μl using 4 U of Omniscript reverse transcriptase (Qiagen, Valencia, CA). mRNA was measured using the SYBR GreenER™ qPCR SuperMix system (Invitrogen, Carlsbad, CA). Amplification primers were designed using the PrimerSelect tool of DNASTAR 14 software (Madison, WI) on the NCBI online Primer-Blast program (Additional file 11). PCR reactions were performed in a volume of 10 μl (1 μl of diluted cDNA, 5 μl of SYBR GreenER™ qPCR SuperMix, and 4 μl of primers mix; 1 μM of each gene-specific primer). The PCR conditions used were 5 min at 95°C, 40 cycles of 15 s at 95°C, and 60 s at 60°C. Formation of a single SYBR Green-labeled PCR amplicon was confirmed by subjecting each PCR reaction to a three-step melting curve analysis (15 s at 95°C, 1 min at 60°C, ramping up to 95°C at 0.5°C/s, detecting every 0.5 s, and ending with 15 s at 95°C). The qPCR reactions were performed using a QuantStudio 12 K Real-Time PCR system (Thermo Fisher, Waltham, MA), and a QuantStudio 12 K Flex software (Thermo Fisher, Waltham, MA) was used to detect threshold cycles (CTs). Standard curves were constructed by serially diluting (1/2 to 1/512) a pool of cDNAs derived from a mix of equal amounts of cDNA from each sample. The mRNA content of each sample was estimated by referring the corresponding CTs to the relative standard curve, and the values obtained were normalized for procedural losses using glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA as the normalizing unit. 
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